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Activity of Carcinogens That Bind to the C8
Position of Guanine Residues in an Assay
Specific for the Detection of —2 Frameshift
Mutations in a Defined Hot Spot

by Robert P. P. Fuchs* and Régine Bintz*

In this paper we describe a reversion assay specific for the detection of -2 frameshift mutations occurring
within short stretches of alternating GC sequences. We have compared a series of chemical carcinogens
that all bind covalently to the C8 position of guanine residues for their potency in inducing revertants in
this assay. Large variations in potency are found within the list of compounds that were tested. The most
potent chemicals tested induce the reversion frequency by a factor of 10° over background, whereas others
only increase it by two orders of magnitude. These differences are discussed in terms of the conformational
changes that the different C8-guanine adducts induce in DNA.

Introduction

The ultimate carcinogen N-acetoxy-N-Z-acetylami-
nofluorene (N-Aco-AAF), a model for the strong liver
carcinogen N-2-acetylaminofluorene (AAF), binds cova-
lently to DNA, yielding primarily -AAF adducts at the
C8 position of guanine (7). The spectrum of mutations
induced by -AAF adducts in E. coli has been studied
in our laboratory using a forward mutation assay based
on inactivation of the tetracycline resistance gene car-
ried by plasmid pBR322 (2,3). More than 90% of the
mutations induced by -AAF adducts are frameshift mu-
tations, and many of them are located at specific se-
quences, the so-called mutation hot spots (2,3).

Two classes of mutation hot spots have been defined
on the basis of the local sequence where they oceur: a)
-1 frameshift mutations within runs of guanines: In-
duction of mutations within such sequences requires a
funetional umul)/C locus (3) and can be aseribed to a
slipped-strand mispairing event oecurring during rep-
lication (4). This pathway is referred to as the slippage
pathway. &) -2 frameshift mutations within short
streteheg of alternating GC sequences: This mutation
pathway was originally discovered at the Nar! sequence
(GGCGCC — GGCC) (2) and extended to other se-
quences such as the BssHII sequence (5). The induction
of mutations within these sequences is UmuD/C inde-
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pendent (3). This pathway is referred to as the Narl
mutation pathway. Additional differences in genetic re-
quirements of the two pathways have recently been
reported (6). )

Because we were interested in the mechanisms that
are involved in the NorI mutation pathway, we devel-
oped a reversion assay specific for the detection of -2
frameshift mutations within short stretches of alter-
nating GC sequenees (5,7). This assay has been used to
compare the mutagenic potency of several bulky car-
cinogens that are known to bind covalently to the C8
position of guanine residues. There are large differences
in the potency with which the chemicals induce -2
frameshift mutations. These results are diseussed in
terms of the conformational changes that are induced
in the DNA helix upon binding of the chemicals.

Design of a Mutation Assay Specific
for Detecting —2 Frameshift
Mutations within Alternating GC
Sequences

The mutation assay is based upon the reversion of a
specific mutation that inactivates the tetracyecline re-
sistance gene carried on plasmid pBR322 (5). The re-
version event calls for the loss of two base pairs (CpG
or GpC dinucleotide) located within a GCGCGC se-
quence in order to restore the wild-type sequence of
the tetracycline resistance gene (Fig. 1), The target for
the mutation assay is located on a multicopy plasmid
pX2 derived from pBR322. This plasmid contains two
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FIGURE 1. Strategy of the reversion assay specific for the detection
of —2 frameshift mutations within short alternating GC sequences.
Plasmid pX2 contains a unique BssHII site that was created in
the tetracycline resistance gene of pBR322 by insertion of a GC
dinucleotide. As a consequence, the tetracycline resistance gene
is inactivated. Plasmid pX2 reverts to wild-type plasmid pBR322
by the specific loss of two base pairs within the BssHII site. Rev-
ertants are selected on the basis of their growth on tetracycline-
containing plates. They can be characterized further at the mo-
lecular level by restriction enzyme analysis (i.e., loss of the unique
BssHII site),

additional base pairs (GpC) inserted by genetic engi-
neering between base pairs 435 and 436 within a Narl
site in the tetracycline resistance gene (5). Its pheno-
type is ampicillin resistant, tetracycline sensitive. This
plasmid is stably maintained in E. coli strains by se-
lective growth on plates containing ampicillin. The assay
detects plasmids that have undergone the specific loss
of the two additional base pairs to yield the wild-type
tetracycline resistance gene. Since the mutational event
1s wmauD/C independent (3,5) and occurs by the specific
loss of two base pairs within a short run of alternating
GC sequences, it is representative of the Narl mutation
pathway. The selection is based on the ability of the
revertant to grow on plates containing tetracycline. In
this assay, the product of the reversion event is a dom-
inant allele, and the target is multiple since pBR322 is
a multicopy plasmid (average of 20 copies per bacter-
ium).

Restriction enzyme analysis of the plasmid DNA eon-
tained in a collection of individual revertant colonies
obtained after treatment with mutagens showed that
the tetracycline-resistant phenotype was associated
with the loss of the BssHII restriction site (Fig. 1) (7).
This result indicates that the mutation assay is indeed
specific for the detection of -2 frameshift mutations
within a short alternating GC sequence.

Chemical Carcinogens That Bind
Covalently to the C8 Position of
Guanine Residues

We have selected several chemical carcinogens (Fig.
2) known to form covalent adducts at the C8 position of
guanine residues in order to compare their mutagenic
potency in inducing -2 frameshift mutations in a se-
quence of alternating GC base pairs.

Compound I, II, III and IV (Fig. 2) are reactive de-
rivatives of the aromatic amine AAF, a strong rat liver
carcinogen. All four compounds are known to form the

OAc OH
R -~ -
O™ oo

1 R =H:N-AcO-AAF WV . N-OH-AF
Il : R = F : N-AcO-AAFF

Ul R =} N-Aco-AAIF

Me
O Ac
N N.:
Ac NO
N . N=({ " 2

VIl : NQO

FiGure 2. Chemical carcinogens uged in this study. I, N-Acetoxy-
N-2-acetylaminofluorene (N-AcO-AAT); II, N-acetoxy-N-2-ace-
tylamino-7-fluorofluorene (N-AcO-AAFFY; III, N-acetoxy-N-2-
acetylamino-T-iodofluorene (N-AcO-AAIF); IV, N-hydroxy-N-2-
aminofluorene (N-OH-AF); V, N-acetoxy-N-3-acetylamino-4,6-di-
methyldipyrido(l,2-a: 3,2'-d)imidazole (N-AcO-AGIuP3); VI, 2-ni-
tro-3-methylimidazo(4,5-fiquinoline (NOz-1Q); VII, 4-nitroquino-
line-1-oxide (NQO).

majority of their adducts at the C8 position of the guan-
ine residues in DNA (80 to 95% of the total adducts
formed) (2,8-10).

Compound V and VI (Fig. 2) both belong to the family
of so-called food mutagens (11), which form during pyr-
olysis of proteins. Compound V, N-AcO-AGIuP3, is a
model ultimate metabolite (12) of the parent compound
GluP3, a chemical found in pyrolysates of L-glutamic
acid (13), Compound V forms mostly C8 guanine adducts
(12). Compound VI, NO,-1Q, is the nitro derivative of
1Q, a strong mutagen found in the charred surface of
fish and beefsteak (24). NO,-1Q does not react chemi-
cally with DNA as such but requires metabolic activa-
tion in vivo. It has been proposed that activation of NO,-
IQ to a chemically reactive mutagen in bacteria proceeds
via a nitroreductase-catalyzed step followed by a an O-
acetyltransferase-catalysed step (15).

Compound VII, 4-NQO, is another carcinogenic nitro
compound (16} that requires metabolie activation, prob-
ably by the same route as NOy-1Q. In vivo, NQO is
known to form several adducts whose relative propor-






